A non-parametric approach based on DEA techniques is used to dis-entangle the relationship between innovation growth and per-capita GDP growth in a sample of 30 countries during 1996-2008. The decomposition of GDP-growth brings support to the notion of advantage of backward-ness. It leads to conclude that, in the context of innovation, both the process of catching-up and technological change play an important explanation of the dynamics of economic growth. This is in sharp contrast to alternative evidence that brings more support to the importance of capital deepening in explaining labour growth productivity.
Introduction
The measurement and impact of technology differences on economic growth is one of the never end debates in economics. 1 Yet, the advantage of backward-ness hypothesis, earlier put by economic historians, 2 has been argued time and again -in endogenous growth models -as a theoretical possibility to under-stand the workings of the relationship between technology and growth. 3 In a nutshell, this hypothesis predicts higher rates of economic growth for countries with comparatively larger technology gaps. It happens because latecomer countries have the possibility to profit on the adoption and imitation of technology developments by countries at the frontier. As a corollary, the leading countries are predicted to grow only based on their innovative effort and the ability to push further the world technology frontier. Thus, as countries approach to the frontier, innovation becomes the most important engine of economic growth.
This interpretation, nevertheless, leads to the unappealing implication that innovation is exclusive to countries at the world frontier. A more flexible interpretation has been put recently by Aghion and Howitt (2006) . In this view, the advantage of backwardness arises from the fact that implementation of innovations developed elsewhere allows a given country to make larger quality improvements the further it has fallen behind the frontier. Conversely, as the economy approaches to the frontier only leading-edge innovations -a leapfrog over current developments -can affect its growth performance. This paper is purported to empirically evaluate this hypothesis. To this end, I relate technology to innovation and analyse the relationship between innovative efforts and economic growth. In the analysis, I make use of a nonparametric approach based on Data Envelopment Analysis (DEA) techniques. 4 The relationship between innovation and per-capita growth is based on a decomposition similar to that proposed in recent research by Kumar and Russell (2002) , and Los and Timmer (2005) . I obtain measures of country population and PPP adjusted real GDP (Base 1990 ) using the estimates of that are available from the Groningen Growth Development Center (GGDC). The measure of innovation is summarized by an index on five variables that capture diverse aspects of the innovative activity. These are drawn from the Science and Technology indicators released through the World Bank Development Indicators (WDI), and the World Intellectual Property Organization (WIPO). Data coverage allows the selection of 30 countries with yearly information between 1996-2008 for all variables of interest.
The rest of the paper proceeds as follows. In section 2, I provide a brief insight on the theoretical background that underlines the advantage of backwardness. In Section 3, I present the methodology to decompose GDP-growth into components of catching-up, technical change, and knowledge investments. In section 4, I introduced the data and present a glimpse on the relationship between innovation growth, and economic growth. In section 5, I present the results of the DEA analysis and discuss the implications, and in section 6 some concluding remarks are offered.
Theory
The key insight in endogenous growth models that highlight the advantage of backwardness is that economic growth depends on the characteristics of the economic environment. Catching-up by adoption and imitation of frontier technologies requires a different institutional setting in backward countries relative to the more advanced economies. Diversification from traditional to modern forms of production, and technology upgrading, are hard to emerge by themselves at low levels of development. To ease the change, backward countries typically are faced to set "non competitive" arrangements and state interventions that might facilitate risky investments. A restrictive institutional environment, nevertheless, is hold as inappropriate at higher states of development. As the economy approaches to the world technology frontier, governments are faced to the need to develop a different institutional framework. The new arrangement and set of policies should be more akin to encourage innovation, i.e., property rights institutions and market competition. Innovation requires competition because if forces firms within the country to reduce costs and to produce better products and services.
Aside of the institutional environment that propels the innovation effort, there are two main inputs to innovation; namely, the investment expenditures made by the prospective innovator, and the stock of innovations that have already been made by past innovators. The latter input c o n s t i t u t e s the publicly available stock of knowledge to which current innovators are hoping to add. The theory is hugely flexible in interpreting the workings of innovation. It encompasses the case of successful innovators that may leapfrog the best technology available a nd push the frontier. But also the case of innovators that catch up to the frontier, which represents the stock of knowledge available to innovations in all sectors of all countries. Aghion and Howitt (2006) stress on both these cases to highlight that innovation may imply either a leadingedge activity that pushes the technology frontier or the effort to implementing technologies that have been developed elsewhere. Innovations then interact with each other in different ways and in different countries, and are highly dependent on the specifics of institutional arrangements.
In this paper I follow a simplified version of the model proposed by Aghion and Howitt (2006) . Formally, let ω > 1 be the factor by which new leading-edge innovation are created, i.e., A t+1 = ωA t , and let Ā be the state of accumulated knowledge at the world technology frontier. For a given country, the rate of change of productivity that is associated to innovation is given by
where h denotes the degree of institutional quality, and a and b are parameters that respectively denote the frequency at which leading innovation and implementation of existing innovations take place. In this equation, the first term in the summation within the square brackets on the right hand side captures the effect of leading edge innovations. The second captures the effect of innovation implementation or catching up. This model relates the rate of growth of the economy to the rate of growth of productivity, which is given by where F t = A t /Ā is an inverse measure of distance to the world technology frontier. It accounts for the fact that the further a given country is behind the frontier (the smaller is F t ), the faster it will grow through innovation implementations if the backwardness advantage holds. Conversely, the shorter the distance to the frontier, the lower the room to profit on implementation. In the extreme case when a country reaches the frontier, such that A t = Ā, the second term in the equation vanishes. In that case, the only source of growth is by pushing forward the world frontier. 5
Methodology
The decomposition of productivity growth proposed by Kumar and Rusell (2002) , and Los and Timmer (2005) , is well suited to analyses how economic growth is related to innovative efforts and distance to the frontier. Though it has turned to be current practice to use labour p r od uct iv ity in this decomposition, I use percapita GDP values instead. While using" population" rather than "workers" leads to a difference in scale, I consider conceptually more interesting the analysis of per-capita growth from a development point of view. 6
Thus, I refer to the output-oriented estimation of efficiency frontiers, and the decomposition of (per-capita) GDP growth changes in terms of "catching-up" (changes in efficiency that are given by movements towards or away from the frontier), technical change (movements of the efficiency frontier led by leapfrog innovations), and "knowledge investment" (movements along the efficiency frontier). Denote as F yz the distance from yperiod observations to the frontier formed by z-period observations. In terms of figure 1, the decomposition is based on "Fisher Ideal" geometric means of the following distances.
= (C atching − up) × (T ech − C hange) × (K − I nvestments)
The estimation of, and the distance of each country to, the frontier, is based on DEA techniques. This method h a s turned to be widely used to construct Malmquist productivity indices, and decompose them into the three components above. This decomposition is based on the assumptions of constant returns to scale. 7
DEA techniques ha v e been widely used at both micro and macroeconomic settings to study firm and crosscountry productivity performance r es p ec t iv el y . In those approaches the idea is to see, for instance, the optimal amount output that is attainable given a combination of inputs. In this pa p e r, I propose a slightly different view. The idea is to capture the link between wide economy output and innovative a c t i v it y . Accordingly with the theoretical insights in the previous section, to construct the world technology frontier I use the (inverse) of an index that summarizes a range of technologies related to innovation. This is consistent with the fact that the frontier is determined by countries with the highest levels of innovation and highest levels of output. The data a n d construction of this index are explained in next section.
5 For a more detailed version of the model presented here see at Aghion and Howitt (2006) , and Aghion and Howitt (2009), Ch. 4. 6 Note that the share of labour force on population has tended to be more or less constant over long periods (see for example Elsby, Michaels, and Solon (2009) . The remark in using population figures is that productivity changes, e.g., due to the increase in unemployment during crisis episodes, can not captured. 7 The approach consists on the calculation of the frontiers and relevant distances on pairs of consecutive years. For each pair of years, two indices are constructed (each one taking as base the technology of the other respectively). Then a geometric mean is calculated between the two. The change in the technology of reference is purported to reduce the bias caused by the choice of the base period (See Coelli et al 2005) .
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Data
The data on diverse forms of innovation are obtained from the Science and Technology, datasets that are available from the WDI, and supplemented with data released by WIPO. 8 PPP adjusted real GDP (Base 1990 ) and population are obtained from the GGDC. 9 The period of analysis is restricted to 1996-2008 to ensure a consistent dataset with yearly observations on each variable of interest. 10 The sample of technologies related to innovation includes a set of 5 activities. (Table 1A in the appendix presents a description of these technologies). The 30 countries in the analysis are selected on base of the availability of information on the same range of innovative activities and the time period. (See Table 2A in the appendix.)
The measure of innovation that I use mimics the standard practice to develop a synthetic indicator to capture the various aspects that feature the technological capability of a country. 11 It is estimated each year as the arithmetic mean of the normalized values for the five innovation activities. It implies that the same weight is given to each innovation activity. For each variable, the normalization is carried out with respect to the corresponding value for the 30 countries in the sample.
Some Correlation Patterns Table 1 shows the 1996-2008 average rates of GDP and innovation growth (both measured in percapita terms) for the sample of 30 countries. At first sight there is only a slight difference in the GDPgrowth achievements of the innovation decreasing and innovation increasing economies. The difference in the average GDP-growth goes initially from 3.35% to 3.88% between both groups. But that result is largely influenced by the high rates of innovation and GDP growth of China. When this country is excluded, the difference between groups reduces to 0.3 percentage points, from 3.35% to 3.65%.
Journal Whilst, in light of the theory, one would expect that more advanced economies show positive rates of innovation growth, the figures in the table are counterfactual. Most of the countries considered High Income, under the OECD standards of classification, show negative rates of innovation growth. The key exceptions are given by some of the usual suspects: Canada, South Korea, and the United States. But the positive growing innovation group includes also the less developed countries in the sample.
Another key fact in the data is related to correlation patterns between GDP growth and innovation growth. At first sigh this correlation is relatively larger for the countries showing increasing rates of innovation (39.4 Vs. 4.2), but the difference is clearly influenced by the inclusion of China. When this country is excluded the correlation for the increasing innovation group reduces largely (7.6). These patterns are clearly appreciated in the slope differences that are shown in figure 2.
To summarize, at first sight the evidence in support of the backwardness hypothesis in the context of innovation is weak. This may seem cumbersome even for the low number of countries and the short period of time under analysis, and warrants the decomposition analysis that was proposed in the previous section. Figure 2: GDP-growth and innovation-growth correlation patterns 5.0 Results Table 2 provides the estimation of the distance to the efficiency frontiers for each country between 1996-2008. Consistent with the DEA analytical framework and the theoretical background in the simple model introduced above whereas leading countries operate on the frontier, i.e., the term Ft = At /A¯ = 1, backward countries operate beneath it, i.e., Ft < 1.
In 1996 just two countries: Japan and the US, determine the frontier and figure as the innovation leaders. But the set of leading innovators increases through 2008 to include Canada, China, Ireland, and Singapore. Within this list, The largest increase in the efficiency index is observed for China. Whilst through 1996-1997 this country was far away from the world technology frontier, by 2002 it became one of the leading innovators.
Remarkably, the change from backwardness to leading-edge innovator coincides with the ascension of the country to the World Trade Organization and the huge subsequent achievements in diverse economic aspects that it experienced. In terms of the exposition in this paper the case of China is paradigmatic. It amounts to the largest process of catching-up in the sample of 30 countries, which is summarized in table 2 by the change in efficiency scores from 0.31 in 1996 to 1.00 in 2002-2008. In the same line of analysis it can be seen that further cases of catching-up are Belarus (whose efficiency scores between 1996-2008 go from 0.23 to 0.45), Latvia (0.29 to 0.53), and to a less extent Russian Federation (0.22 to 0.39). By contrast, a loss of efficiency that amounts to reduction in the process of catching-up is observed for three countries: Austria (0.89 to 087), Colombia (0.26 to 0.24), and Portugal (0.58 to 0.52). There are also two cases of countries that move away from the frontier (Singapore in 2000 -2001 , and Ireland in 2007 -2008 .
One can go further in the analysis of the performance of the leading countries reported in table 2. As is discussed by Los and Timmer (2005) , the availability of panel data information allows the construction of an "intertemporal reference production set" (IRPS) consisting of the frontier constructed with the whole available information. The last column in table 2 summarizes the result of doing so. 12 From this point of view the frontier in the year 2008 is formed by the innovative performance and growth standards observed for Japan in 1996 and through -2008 Canada, Ireland, and Singapore in 2007; and China and US in 2008 . In other words, in these years these countries achieve the maximum levels of GDP given their levels of innovation.
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The contribution of the process of catching-up, jointly with the other terms in the decomposition that explains per-capita GDP growth, is summarized in table 3. The decomposition is an average of the changes between 1996-2008. Accordingly, with the efficiency scores discussed above, the largest process of catching up corresponds to China, (10.3%). Nor surprisingly, given their efficiency scores, the most successful cases include also Belarus (5.6%), Latvia (5.2%), and Russian Federation (4.8%). But catching up is an important component of the GDP-growth performance for most of the other countries too. The few exceptions in the table are given by Austria, Colombia, Israel, and Portugal. As the figures in the table suggest, through the years these countries keep moving further away of the frontier.
On the other side, since catching-up is less important for countries on or near the world frontier, column 4 of table 3 consistently suggest a larger contribution of the technical change component for these countries. By lack of a better terminology, I associate technical change with the upsurge of leading innovations. The interpretation conforms well with the size of this component in explaining the GDPgrowth performance of some countries near the frontier in table 2: Canada, Singapore, Ireland, UK, US, Belgium. Remarkable, whilst it falls short of the frontier, Austria also features among the most successful innovators. United States 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 US 2008
Nevertheless, it may appear awkward that the less successful Colombia and Portugal show up with large scores of technical change. The insight in this case is that in the innovation race backward countries gain not only by catching-up (it is, through a reduction of their distance to the frontier) but by the movement of the frontier itself, which is pushed away by leading-edge innovators. The case of the knowledge investments.
The results reported in the last column of table 3 suggest only a minor role for the so-called "knowledge investment" term. In the DEA framework, this term is purported to capture the contribution of an increase in inputs per worker. The equivalent of this interpretation in the innovation framework developed here is an increase of innovation technologies at the wide economy level, given the size of the population. I interpret the low number reported in table 3 as to suggest that the accumulation of innovations is relatively a slow process.
Thus, whilst capital deepening is an important component in the explanation of productivity growth, i.e., Kumar and Rusell (2002) , the accumulation of innovation seems less substantial to explain per-capita growth in this paper. It seems cumbersome given the discussion at the outset of this paper. If innovation is such an important driver of economic growth, it is hard to understand the negligible contributions that are reported in table 3. Nevertheless, there are at least two reason to suggest that this is not necessarily inconsistent. First, relative to investment in capital assets, the share of expenditures on knowledge creation is smaller and relatively stable. In fact the highest ratios of expenditures on one of the most important components of innovation, R&D, is registered in the most advanced countries. Second, it may be the case that a longer time period is needed for innovation expenditures to raise the GDP-growth performance of countries.
6.0
Concluding remarks The endeavor of this paper has been focus on the empirical assessment of the relationship between innovation growth and per-capita GDP growth. The key insight behind the analysis borrows from the hypothesis of advantage of backwardness, which suggest a catching -up process in benefit of countries that fall backward of the world technology frontier. In this context, a simplified theoretical model that relates innovation to growth was settled-up. Under the lines of earlier related literature, the methodological approach has been based on a decomposition of growth into percentage changes attributable to the process of catching-up, technological change, and knowledge investments. The empirical results were brought out using a non-parametric method based on DEA techniques.
The analysis provide clear evidence that catching-up has been an important explanation of the growth dynamics of backward countries. Also, the results provide support to the idea that technological changeslead by advanced countries that push innovation at the world frontier -is an important explanation. In turn, the investment in knowledge, taking here as to represent the accumulation of innovations, has been found to play a rather negligible role in the decomposition analysis. These results are in sharp contrast with the findings in research that analyses labour productivity using a similar decomposition.
The dissimilarity, nevertheless, may be attributable to the fact that expenditures in innovation are relatively smaller and more stable than the investment in capital assets. Moreover, it has been argued that relatively longer periods of time might be necessary for investments in innovation to affect economic growth.
My final point is to acknowledge that the small sample of countries in which the analysis rely does not allow for making credible generalization. But certainly it provides a clue on the dynamics of the relationship between GDP growth and innovation. Further evidence and more precise insights on specific forms of innovation warrants more research.
